A B S T R A C T An animal model was developed to describe respiratory muscle work output, blood flow, and oxygen consumption during mechanical ventilation, resting spontaneous ventilation, and the increased unobstructed ventilatory efforts induced by CO2 rebreathing. Almost all of the work of breathing was inspiratory work at all ventilatory levels; thus, only blood flows to the diaphragm and external intercostals increased in the transition from mechanical to spontaneous ventilation, and they further increased linearly as ventilatory work was incrementally augmented ninefold by CO2 rebreathing. No other muscles of inspiration manifest increased blood flows. A small amount of expiratory work was measured at high ventilatory volumes during which two expiratory muscles (transverse abdominal and intercostals) had moderate increases in blood flow. Blood pressure did not change, but cardiac output doubled. Arterialvenous oxygen content difference across the diaphragm increased progressively, so oxygen delivery was augmented by both increased blood flow and increased oxygen extraction at all work loads. Oxygen consumption increased linearly as work of breathing increased, so efficiency did not change significantly. The mean efficiency of the respiratory muscles was 15.5%. These results differ significantly from the patterns previously observed by us during increased work of breathing induced by inspiratory resistance, suggesting a different distribution of work load among the various muscles of respiration, a different fractionation of oxygen delivery between blood flow and oxygen extraction, and a higher efficiency when shortening, not tension development, of the muscle is increased.
INTRODUCTION
Little is known about the partitioning of the work of breathing among the various primary and accessory muscles of respiration during quiet breathing or during differing types of ventilatory stress. An examination of the distribution of blood flow to each respiratory muscle should be an accurate way of determining the distribution of work, since blood flow to skeletal muscle is proportional to effort exerted by the muscle (1) (2) (3) (4) (5) . Simultaneous measurements of arteriovenous oxygen content differences (A-V A Co2)1 should allow calculation of the oxygen consumption (VO2) of these muscles and an assessment of their efficiency.
The present investigation was designed to delineate the distribution of blood flow among, and oxygen consumption by, the respiratory muscles under three conditions: (a) mechanical ventilation to assess basal metabolism (b) resting ventilation, and (c) the increased ventilatory efforts induced by CO2 rebreathing. The results of this study are compared to our previous observations during increased work of breathing induced by inspiratory resistance (1 cedure. An 18-gauge polyvinyl catheter was implanted into the left atrium through the left atrial appendage and exteriorized at the back of the neck. During the experiment the dog was anesthetized initially with 25 mg/kg of sodium pentobarbital; at intervals additional pentobarbital was administered to sustain adequate anesthesia while maintaining the corneal reflex. A tracheostomy was performed and connected to an Otis-McKerrow valve. A balloon was positioned in the distal esophagus and inflated witn 1.0 ml of air, which allowed accurate recording of external pressures from +50 to -50 cm H20; pressures were measured by a Statham PM131TC transducer (Statham Instruments Div., Gould Inc., Oxnard, Calif.). All measurements were made with the animal supine.
Initial studies were performed during mechanical ventilation with a Harvard pump (Harvard Apparatus Co., Inc., Millis, Mass.) at a minute volume which suppressed spontaneous ventilatory activity. Then studies were repeated with the animal at resting ventilation while connected to a rebreathing system (Fig. 1) which initially contained 50% oxygen-50% nitrogen. Finally, measurements were made at approximately two-and fourfold increases in minute ventilation induced by the gradual buildup of the animal's expired carbon dioxide. Ventilation was monitored by a Krogh spirometer. In preliminary studies the rebreathing system was determined to have a flat amplitude response up to 7 cps. When sine wave volume signals were induced simultaneously into the box-spirometer system and into a rigid bottle containing the esophageal balloon, the box and balloon were in phase to at least 5 cps.
Esophageal pressure and box volume were recorded simultaneously on the electromagnetic tape of a Sanborn Ampex Model 2000 recorder (Ampex Corp., Redwood City, Calif.). From these recordings pressure and volume were converted to digital form and the mechanical pressure-volume work done on the lungs (6) (7) (8) was calculated by numerical integrationi with a computer as previously described (1) .
At each level of minute ventilation, work was calculated for each breath over a 5-min period and the average work per minute determined. Work was assumed to be zero when spontaneous respiratory efforts were suppressed by mechical ventilation.
Flow to each of the respiratory muscles was measured on mechanical ventilation and at each of three levels of spontaneous ventilation by a radioactive microsphere technique (9) (10) (11) (12) . The modifications and reproducibility of this technique for measuring respiratory muscle blood flow are presented in a separate communication (1) . Since blood flow to skeletal muscle increases with work output by the muscle (2) (3) (4) (5) , the respiratory muscles under the condition of CO2 rebreathing were assumed to be those whose flow increased. Total respiratory muscle blood flow was then calculated as the sum of flows to the utilized muscles.
To assess the contribution of changes in cardiac output to the changes in flows seen in the respiratory muscles during CO2 rebreathing, cardiac output was measured in a separate series of five similarly anesthetized dogs subjected to the same sequence of ventilatory stimuli. The indocyanine-green dilution method was used employing a Lyons model DCCO-04 computer (Physio-Tronics, Inc., Burbank, Calif.). Measurements were performed in triplicate and averaged.
In four animals a no. 7F catheter (ASCI 5423) was advanced under fluoroscopic control from the left femoral vein into the left inferior phrenic vein as described by Rochester (13) . Proper positioning of the catheter was confirmed after completion of the experiment by dissection at autopsy. It has been demonstrated previously that catheters so positioned are not contaminated with inferior vena cava blood (13) . At each work level simultaneous heparinized samples were withdrawn anaerobically from the diaphragmatic vein and femoral artery and analysed immediately for Po2 (313 Blood Gas Analyzer, Instrumentation Laboratory, Inc., Lexington, Mass.), 02 saturation (Instrumentation Laboratory Cooximeter), and hemoglobin (Beckman DB Spectrophotometer, Beckman Instruments, Inc., Fullerton, Calif.). Arterial and venous oxygen contents were calculated and arteriovenous content difference determined for each run.
Since the total respiratory muscle blood flow was known, the oxygen consumption of the muscles of respiration was calculated as the product of the total blood flow to all muscles x the oxygen extraction across one of them, 
RESULTS
Work of breathing. Table I lists the changes in respiratory rate, minute volume, arterial blood gases, and rate of work (power) of breathing observed on mechanical ventilation, resting ventilation breathing high oxygen content gas mixtures, and low CO2 and high CO2 rebreathing. Compared with resting ventilation, respiratory rate approximately doubled (P < 0.0001), minute volume increased approximately fourfold (P < 0.001), Pao2 decreased minimally (P = 0.10), Paco2 increased (P < 0.02), and pH fell (P < 0.003) at the highest level of CO2 rebreathing. The rate of work of breathing increased approximately ninefold (P < 0.001), almost all of which was due to increased inspiratory work (P < 0.001). Expiratory work rate increased slightly (P = 0.09), but did not make a major contribution to the total.
Blood flow. The blood flow per gram to each of the muscles listed as muscles of respiration in dogs by Miller et al. (14) are indicated in Table II . The muscles whose flow increased significantly are graphed in Fig. 2 . Only the flows to the diaphragm and external intercostals increased significantly between mechnical ventilation and resting ventilation (P < 0.02 for diaphragm, P < 0.03 for external intercostals). The diaphragm had the largest increases in blood flow per gram (QD), and flow was linearly re- The scalenes and serratus dorsalis and ventralis, usually considered accessory n-ruscles of inspiration in dogs (14) , did not exhibit augmented flows over the range of minute ventilation studies. The only expiratory muscles which showed an increase in blood flow were the transverse abdominis and internal intercostals, which were significantly increased at the high CO2 level only (P < 0.04 and P < 0.05, respectively). Blood flows per gram to control muscles (triceps brachii and pectoralis) did not change.
Total blood flow to each muscle was calculated by multiplying blood flow per gram by the muscle weight. If the respiratory muscles under the condition of CO2 rebreathing are assumed to be those whose flow increased (diaphragm, intercostals, and transverse abdominal), then total blood flow to the muscles of respiration ( can be calculated (Table III) . On mechanical ventilation the diaphragm received 24% of the total respiratory muscle blood flow ((QORs), a ratio similar to the percentage (26%) the diaplhragm contribtutes to total respiratory, mtuscle weight (1). On resting spontaneous ventilation the fractional blood flow to the diaphragm rose to 37% (P < 0.03). It did not change significantly thereafter as minute ventilation increased due to rebreathing low (P < 0.40) or high (P < 0.60) levels of CO2. Each of these fractional blood flows was sigRespiratory Muscle Blood Flow and Oxygen Delivery nificantly greater than the fractional weight that the diaphragm contributes to total respiratory muscle weight (P < 0.01). While these changes in muscle blood flows were occurring, blood pressure (Fig. 3) was not significantly changed (P < 0.36) but cardiac output approximately doubled (P < 0.04).
Oxygen consumption. The arteriovenous oxygen content difference (A-V A Co2) is plotted against work ofbreathing in Fig. 4A and against diaphragmatic blood flow (QD) in Fig. 4B (open circles, dashed line) for mechanical ventilation (work rate = 0), resting ventilation, low CO2, and high CO2. During this sequence the A-V A Co2 increased steadily, never reaching a plateau at work levels we were able to induce.
Total respiratory muscle oxygen consumption calculated from the product of A-V A Co2 and total respiratory muscle blood flow is shown in Table IV The efficiency of the respiratory muscles in doing work on the lung is shown in Table IV . At resting ventilation efficiency was 14.8%. Efficiency did not change significantly (P = 0.39) as minute ventilation doubled and quadrupled due to CO2 rebreathing. The mean for all three levels of ventilation was 15.5%.
DISCUSSION
Blood flow. Our results indicate that blood flow per gram was similar for all respiratory muscles and nonrespiratory control muscles during mechanical ventilation ( Fig. 2 and Table II ). In the transition from mechanical ventilation to spontaneous resting ventilation only the blood flows to the diaphragm and external intercostals increased. This supports the conclusion that quiet breathing is accomplished by active inspiration through contraction of inspiratory muscles and passive expiration by elastic recoil of the lungs and thorax. Our pressure-volume data on the partition of the work of breathing between inspiration and expiration corroborate this finding; expiratory work did not significantly increase in the transition from mechanical ventilation to spontaneous resting ventilation. Goldman and Mead have suggested that contraction of the diaphragm not only expands the lungs downward by simple descent but also indirectly expands the rib cage by increasing abdominal pressure; hence the diaphragm in their view may be doing all of the work during quiet breathing (15) . However, our finding of an increase in blood flow to external intercostal muscles as well as to the diaphram in the transition from mechanical ventilation to spontaneous quiet breathing suggests that intercostal muscles as well as the diaphragm participate in quiet breathing in this model.
The larger increase in diaphragmatic than external intercostal flow is compatible with the observations that at rest in the supine position most of the volume change during inspiration occurred in the abdomen, not the rib cage (16) (17) (18) (19) . Apparently, as ventilation increased this preferential use of the diaphragm for inspiration persisted, as reflected by the fact that diaphragmatic blood flow continued to increase more than external intercostal flow. Also, the scalenes did not augment blood flows.
As respiratory rate and tidal volume increased, expiratory pressure-volume work rate increased slightly and blood flows to the two muscles of expiration, the transverse abdominal and internal intercostal, also increased. Thus at higher ventilatory loads the time available for expiration probably was insufficient for passive exhalation by lung elastic recoil, and expiratory muscular effort was necessary.
These changes in muscle blood flow occurred at a constant arterial blood pressure (Fig. 3) . Thus, the changes were mediated by local decreases in vascular resistance. The changes were not simply due to the increasing arterial hypercapnic acidosis (Table I) since blood flow to control muscles did not change. Since hypercapnic acidosis is a local vasodilator for skeletal muscle (20) , the absence of any rise in blood flow to control imiuscle suggests that hypercapnic vasodilation was balanced bv a reflex increase in limb miiuscle vascular resistance during(i increased respiratory muscular effort. A related observation was made in our previous study of distribution of blood flow during inspiratory resistance; as inspiratory resistance and work of breathing increased vascular resistance increased and blood flow decreased in control muscles despite a slight rise in Paco2 (1) . In the present study cardiac output (Fig. 4) increased during hypercapnia more than can be accounted for by the increase in total respiratory muscle blood flow; hence vasodilation must have occurred elsewhere in the body, likely at least to the brain (21), heart (22), and kidneys (22) for which increases in blood flow have been demonstrated during hypercapnea.
We have previously observed a significantly different distribution of blood flow to the individual muscles ofrespiration under conditions of inspiratory resistance (1) . Whereas diaphragmatic blood flow increased linearly with increasing rate of work of breathing during CO2 rebreathing, during inspiratory resistance diaphragmatic blood flow increased exponentially. Thus, diaphragmatic flows were similar as work of breathing was increased by CO2 rebreathing or by increasing inspiratory resistance as long as ventilatory work rate was less than 4 Cal/min, but above 4 Cal/min blood flow to the diaphragm was significantly higher with respect to work rate than during CO2-induced hyperventilation. Whereas diaphragmatic blood flow was only moderately greater than external intercostal flow during CO2 rebreathing, diaphragmatic flow increased significantly more than the external intercostal flow during inspiration resistance. Furthermore, at work loads similar to those achieved during CO2 rebreathing, none of the expiratory muscles' blood flows increased during inspiratory resistance.
There are no previous reports of the distribution of blood flow to each respiratory muscle during mechanical ventilation or increased ventilation induced by CO2 rebreathing but there are a few studies which have measured blood flow to the diaphragm and occasionally a few accessory muscles. Rochester and Pradel-Guenia, using clearancee of 133xenon injected into the diaphragm of dogs (23), reported a flow during resting ventilation of 0.42 ml/g per min which increased to 0.57 ml/g per min when minute ventilation was doubled by CO2 inhalation. Mognoni et al., using a 86Rb) uptake method in rabbits (24) , observed a resting i diaphragmatic flow of 0.40 ml/g per min which increased to 0.74 when ventilation increased threefold. Although these blood flows are consistently higher than ours, the slope of the change in blood flow with respect to ventilation is similar to that observed in our experimiienits. In the Mognoni study blood flow to the scalene muscles and the interchondral part of the external intercostals were unchanged. The lack of change in the scalenes is similar to our results, but we did observe a change in flow to the external intercostals, so either there is a species difference or the interchondral portion of the external intercostals behaves differently than the rest, as these were not separated in our study. Subsequently Rochester, with the Kety-Schmidt tech- Respiratory Muscle Blood Flow and Oxygen Delivery (R) "Ill. Fig. 4 ), never reaching a plateau at the work levels that could be obtained with this method. In contrast, during inspiratory resistance breathing (squares, solid line in Fig. 4) A-V A Co2 increased to a maximum at low levels of work while blood flow increased little; at greater levels of resistance, oxygen delivery was accomplished predominantly by increased blood flow (1) . When the low resistance is compared to the low CO2 rebreathing point (approximately equal rate of work of breathing and QD), the rebreathing A-V A Co2 was significantly lower (P < 0.02); and, when the medium resistance is compared to the high CO2 rebreathing point (rebreathing work rate slightly larger and QD slightly less), again the difference is significant (P < 0.01).
The CO2 rebreathing pattern is like that demonstrated in limb skeletal muscle whose oxygen extraction and blood flow tend to increase together (2); the inspiratory resistance pattern is similar to the left ventricle which utilizes high oxygen extraction at low work loads and at greater loads increases oxygen delivery predominantly by increased blood flow (27) . Inspiratory resistance causes the diaphragm, like the left ventricle, to perform a significant component of isometric effort to generate sufficient pressure to produce flow. It has been demonstrated that high intramuscular pressures during tension development (28) and pinching of arterial supply by fascial planes (29) during isometric contraction inhibit blood flow in skeletal muscle. These factors make lower blood flow and higher oxygen extraction necessary in those two circumstances which require significant isometric contraction, whereas the predominantly shortening work in unobstructed increases in ventilation would allow a more equal distribution of oxygen delivery between extraction and perfusion.
Oxygen consumption increased almost linearly with respect to work of breathing during CO2 stimulation (see equation above). Thus, the efficiency of the respiratory muscles (Table IV) (32) . These studies have used the change in total body oxygen consumption (33) (34) (35) (36) (37) (38) as an index of the increase in respiratory muscle oxygen consumption needed for an increased work of breathing. Since the oxygen consumption of the respiratory muscles in normal subjects is only 1-3% of total body oxygen consumption (33) Our estimate of efficiency dturing CO2 rebreathing may be slightly low because in calculating oxygen constumption we have assumed for all mtuscles of r-espirattion a simiilar A-V A Co., to that of the diaplhra(rigm. However, the A-V A Co2 of the (liaphlra(gmla is a funietion of blood flow to the diaphragm (Fig. 4B) , and blood flows to the other muscles of respiration were lower than that of the diaphragm at all levels of ventilatioin, so their A-V A Co2 miiay hlatve been lower. When efficiencv wias r-ecaleulated correctinlgr thie inidividuial imutiscle's A-V A Co2 valuies foi-imutscele 1loo0( flow by extrapolation fromii the imieani diaphraurmatic 1)1ood( flow/ A-V A Co2 curve, the miieani efficienicy only inicreasedl to 15.9%. Also, if it is asstumed that our estimate of 15.5% is lower than 19-25% efficiency maximum for skeletal mutscle duie to this unmeasured work on the chest wall and abdomen, then ouir estimate has failed to measture 18-38% of the work done by the respiratory muscles. This range correlates nicely with the range of previouis estimates of the percentage of respiratory work requiired to move the tissues of the thorax and abdomen, from 18-20% (35) to 34% (36) .
